We demonstrate an application of light-emitting diodes to photorefractive holography with multiple-quantum-well devices. Holograms corresponding to three-dimensional images with a depth resolution of less than 10 m were recorded, with image acquisition times as short as 5 ms. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03336-7͔
Semiconductor multiple quantum well ͑MQW͒ devices are promising holographic media that combine the advantages of high sensitivity, short interaction length, high diffraction efficiency, and extremely fast recording times, making them particularly attractive for dynamic holography. These MQW devices are semi-insulating semiconductor heterostructures that exhibit photorefractive nonlinearity due to their excitonic absorption features. 1 Typically an electric field is applied across the MQW devices to induce nonlinearity. In the transverse Franz-Keldysh 2 geometry, which was employed for this work, the electric field is applied in the plane of the wells, parallel to the grating vector written by the intersecting beams. Photocarriers excited in the bright regions of the incident optical radiation distribution drift under the applied field into the dark regions and are trapped. The resulting space charge produces a local field that is superimposed on the applied field to cause a modulation in the net electric field across the device. The large field broadens the exciton absorption peak by field ionization and the modulated electric field distribution induces a corresponding spatial modulation of the absorption and refractive index of the MQW device.
The mechanism of image storage as a charge distribution trapped by defects allows low light level applications, for which the MQW devices are very sensitive. Applications that exploit this high sensitivity include adaptive laser-based ultrasound detection 3 and coherent-gated imaging through turbid media, 4 both of which have potential applications for medical imaging. Photorefractive holography has the unique advantage that it can integrate weak holograms in the presence of strong diffuse background signals that would saturate a conventional ͑intensity-dependent͒ detector such as a charge coupled device ͑CCD͒ camera. 5 The MQW devices also exhibit fast response times ͑Ͻ100 s͒ due to the high carrier mobility of semiconductor materials. 6 This property is exploited in real time ͑direct-to-video͒ holographic imaging, including imaging through tissue-like scattering media. 7 In this letter we describe an application of low coherence light-emitting diodes ͑LEDs͒ to record real time depthresolved whole-field holograms in photorefractive quantum well devices. This three-dimensional ͑3D͒ imaging technique, described as ''light in flight holography,'' 8 records holograms corresponding to a specific depth section in the object at which the arms of an interferometer are matched within the coherence length of the source. The extremely broadband radiation of LEDs provides high depth resolution 3D imaging, owing to their short coherence length, which is much less than that of commercially available mode-locked lasers that are typically used in coherence gating techniques. In addition, the compact size and low cost of these devices, combined with their availability at a wide variety of wavelengths, make them more practical than expensive modelocked lasers. They can also offer considerably higher powers ͑100's of mW͒ than single-mode superluminescent semiconductor sources, which have also been employed in coherence-gated imaging systems. 9 It is not possible, however, to apply high power LEDs to confocal scanning coherent imaging techniques, such as optical coherence tomography, due to the inefficient coupling of the LED radiation to single mode optical fibers. A further advantage of whole field coherent imaging using LED is the reduction of speckle arising from the interference of different transverse pixels. This speckle noise often degrades images recorded with spatially coherent laser radiation ͑laser beams͒ and it is particularly deleterious when imaging through turbid media. Imaging with spatial incoherent sources in holography can reduce this random coherence noise ͑speckle͒, as demonstrated by Leith et al. 10 using rotating diffusers in a laser beam. LEDs have been previously applied to 3D imaging using wholefield optical heterodyne detection. 11 We present here the application of LEDs to a real-time, depth-resolved, whole field photorefractive holographic imaging system, suitable for application through turbid media, with a depth-resolved frame rate potentially approaching 1000/s.
The MQW devices described in this letter are composed of 100 period superlattices of 70 Å GaAs wells and 60 Å The setup used to record/reconstruct holograms is shown in Fig. 1 . The illuminating light source used in this proof of principle experiment was an infrared Hitachi LED emitting at 760 nm ͑10 mW maximum power, 50 nm bandwidth, delivering 1.3 mW in a 1 cm diam beam at the sample͒. After the collimating lenses, the divergence of the LED beam was measured to be 2°and the LED sample distance was 50 cm. The holographic setup consisted of a Michelson interferometer with a polarizing beamsplitter. The object was placed in one arm of the interferometer and there was an adjustable delay in the other ͑reference͒ arm. The polarized LED radiation entered the interferometer through a half wave plate that was used to adjust the intensity ratio between the object and the reference beam. The object was imaged in reflection with a ͑2:1͒ demagnifying telescope onto the MQW device, which had an active area of 9 mm 2 . The writing beams interfered at the MQW at an angle of 1.5°, which corresponds to an average grating spacing of 29 m. The holograms were reconstructed in the transmission geometry using a homebuilt, diode-pumped, continuous wave Cr:LiSAF laser. The read out angle was set at 45°to the normal of the MQW device and the laser was tuned to the exciton wavelength of this MQW device, which was 850 nm. Due to the small thickness of the MQW devices, holograms were read out in the Raman-Nath diffraction regime, and multiple diffracted orders were observed. Either the ϩ1 or the Ϫ1 diffracted order was imaged onto a 12 bit cooled CCD camera ͑Princeton Instruments PentaMax͒ using a 75 mm focal length lens. The diffraction efficiency was estimated to be 10 Ϫ5 . 1 Although the response time of these MQW devices was ϳ250 s, the actual acquisition time was 5 ms, which is the shortest exposure time of the CCD camera.
We noted that interference only occurs over a small portion of the intersection area of the writing beams ͑ϳ1.9 mm 2 ͒. This effect is described as ''walk-off'' and is a consequence of the coherence length of the source being less than the beam diameter, resulting in a variation of the arrival time of the reference beam laterally across the holographic medium and therefore with respect to the arriving image beam. 12 The interferometer path lengths are only matched to within the source coherence length for the central portion of the intersection area of the beams. Thus the hologram is restricted to this area, the size of which is a function of the beam geometry. Reducing the angle between the writing beams can reduce the walk-off effect but this results in an increased grating period of the hologram, which reduces the angle between the first diffracted order and the zero order beam, making it difficult to isolate the holographic image. To mitigate the walk-off problem, an interference filter was introduced to provide reduced spectral width ͑10 nm bandwidth͒, which therefore increased the field of view at the expense of depth resolution and lower transmittance ͑10%͒. Figure 2 demonstrates the application of the LED with the interference filter to record depth-resolved holographic images of a 3D test object, which consisted of a set of five cylindrical steps with diameter ranging from 1 to 5 mm and a step size of 100 m. Note that there is some noise in these pictures due to the scattering of the read-out beam off defects on the surface of the MQW device. It is important to understand that these scattering defects, created during device fabrication, are not a fundamental limitation of photorefractive holography and could be eliminated by improvement to the growth and fabrication techniques. Figures 2͑e͒ and 2͑f͒ show the computer reconstruction of the object based on the holograms of Figs. 2͑a͒-2͑d͒. Figure 2͑e͒ is the reconstruction obtained using the raw data; one can observe that the first two steps are obscured due to this noise. Figure 2͑f͒ is the same reconstruction but with the extraneous noise from the scattering defects removed after data acquisition.
To measure the depth resolution we scanned the delay of the reference beam and observed the change in the intensity of the first order diffracted signal ͑hologram͒. Figure 3 shows the curves obtained when writing holograms with: ͑a͒ a mode-locked 100 fs Ti:sapphire laser, ͑b͒ the LED with the interference filter, and ͑c͒ the LED with no interference filter. The full widths at half maximum of these curves are 40, 36, and 5 m, respectively.
To further demonstrate whole-field depth-resolved imaging, we recorded holograms of a 50 pence coin ͑UK present currency͒ using the sources discussed above. Figure 4 shows the holograms of the 50 numeral on the coin written using: ͑a͒ a mode-locked Ti:sapphire laser ͑100 fs pulses͒, ͑b͒ the LED and interference filter, and ͑c͒ the LED by itself. The writing beam intensities were 40 W/cm 2 in all three cases.
The depth resolution of the holographic images of Figs. 4͑a͒ and 4͑b͒ are quite similar, although the latter images, recorded using the spectrally filtered LED, appear clearer with higher contrast. This difference in image quality, which is much more apparent on the original computer images, is attributed to the spatial incoherence of the LED radiation. Figure 4͑c͒ demonstrates sub-10 m sectioning using the LED source but also shows the restricted field of view, due to walk-off. We note that, in principle, the walk-off problem can be mitigated without compromising the depth resolution by tilting the wavefronts of the writing beams, as discussed by Szabo et al. 13 In conclusion, we have demonstrated 3D depth resolved photorefractive holography with MQW devices using spatially incoherent light from an LED. The implementation of LED sources to holography is practical and cost effective, providing sub-10 m depth resolution and reduced speckle noise. The images obtained are at least as good as those obtained from a mode-locked laser with a similar coherence length. Thus a compact and inexpensive 3D imaging system may be constructed using LED illumination. Furthermore, since these MQW devices will record holograms written at any wavelength shorter than 850 nm, it is entirely feasible to record images using multiple ͑red, green, and blue͒ LEDs and to realize real-time color 3D imaging. This system acquired depth-resolved images in 5 ms, limited by the minimum integration time of the CCD camera. A faster camera could permit depth-resolved imaging with frame rates exceeding 1000/s. The use of high power ͑ϳ500 mW͒ LEDs, would permit 3D holographic imaging through turbid media, such as biological tissue, for which speckle noise is a significant issue.
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